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Many alloys of engineering significance contain multiple
solute additions and can undergo one or more eutectic type
reactions over a broad temperature and composition range.
In this case, microsegregation calculations require knowl-
edge of multicomponent phase diagrams and the distri-
bution coefficients for all solutes which significantly affect
development of the final microstructure. In addition, when
a eutectic type reaction occurs over an appreciable temper-
ature and composition range, it then becomes necessary to
know two distribution coefficients for each important solute;
one which describes solute partitioning between the liquid
and primary solid phase and a second which describes
partitioning between the liquid and secondary solid phase
within the eutectic constituent. The lack of such information
tends to limit the application of solute redistribution model-
ling to understanding the weldability of multicomponent
alloys of engineering significance. However, in recent years
there has been considerable progress in the development of
thermodynamic software programs for calculating solidifi-
cation parameters and phase diagrams of multicomponent
systems.3 This progress is likely to lead to more frequent
use of solute redistribution models which can be applied to
alloy systems containing many elements. In view of this
fact it is useful to consider how such modelling efforts can
be applied to the understanding of weldability phenomena.

In previous work the present authors reported results of
a study aimed at measuring solidification parameters and
modelling solute redistribution of experimental alloys that
simulate the solidification behaviour observed in many
commercial niobium bearing superalloys.4,5 These alloys
are used extensively in many applications requiring high
temperature strength and good resistance to oxidation. The
model permits the relationship between temperature, liquid
composition, and fraction liquid to be determined during
the solidification process. In the present work modelling
information is applied to calculate the variation in fraction
liquid within the crack susceptible mushy zone of these
multicomponent alloys as an aid to understanding
Varestraint solidification cracking results. It should be noted
that the analysis described is general in nature and can be
applied to any alloy system when the appropriate solidifi-
cation parameters are relatively constant and interactive
effects are not large. Interactive effects, which may occur
when the partitioning behaviour of a solute element between
the liquid and the solid is a function of the concentration
level of another alloying element, can be handled with
extended analyses. However, such an approach is avoided
in the present work in order to keep the concepts tractable
by minimising mathematical manipulations.

EXPERIMENTAL
The experimental procedures used in the present work are
described in detail elsewhere and are not repeated here.4
Alloy compositions used to simulate commercial alloys of
interest are given in Table 1. The alloys contained factorial
variations in iron (in exchange for nickel), niobium, silicon,

A method is proposed for calculating the variation in
fraction liquid with distance in the mushy zone as an
aid to determining the eVect of alloy additions on
solidification cracking susceptibility. T he model com-
bines the general liquidus equation of a multicomponent
system, solute redistribution relations, and temperature
gradient information. Calculations are presented for a
range of niobium bearing superalloys and the results
were found to reveal important relations between alloy
composition, variation in fraction liquid with distance
in the mushy zone, and cracking susceptibility as
measured by the Varestraint test. In particular, the
results directly show that the addition of carbon to
these alloys is generally beneficial because it reduces
the size of the crack susceptible mushy zone and limits
the amount of terminal liquid available for the low
temperature L�c+L aves reaction. T he modelling
results and experimental data are also used to describe
the influence of other alloy additions.
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INTRODUCTION
The solidification cracking susceptibility of engineering
alloys is known to be highly dependent on the solidification
temperature range and the amount and distribution of
liquid which exists at the terminal stages of solidification.1,2
Nominal alloy composition and redistribution of solute
(microsegregation) play important roles in solidification
cracking as ultimately they control the solidification temper-
ature range and amount of eutectic liquid. Under conditions
of high cooling rate, such as may exist in laser and electron
beam processes, significant dendrite tip undercooling can
occur, which minimises the extent of microsegregation and,
as a result, will also contribute to the final solidification
temperature range and amount of eutectic constituent. Such
undercooling effects are not considered in the present work.
Previous studies conducted to quantify fundamentally the
relation between alloy composition, microsegregation, and
cracking tendency often used binary alloy systems.1,2 This
approach is useful as it readily permits microsegregation
calculations to be performed because the appropriate
alloy parameters (e.g. liquidus temperature, distribution
coefficient, eutectic temperature, and composition) can be
determined directly from the simple binary phase diagram.

Modelling mushy zones in welds of
multicomponent alloys: implications for

solidification cracking
J. N. DuPont, C. V. Robino, and A. R. Marder
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1 Scanning electron micrographs showing weld metal
microstructure of alloy 16

alloys to quantify by QIA and these results are shown in
Fig. 2. Specimens for QIA were electrolytically etched in a
solution of 10% chromic acid+90% water at 3 V and area
fractions were measured along the centreline of each weld
(at locations far removed from the solidification cracks)
with at least ten SEM images. Area fractions were assumed
to be equivalent to volume fractions. The results from nickel
base and iron base alloys are aligned to permit comparisons
between alloys with similar solute levels. Carbon additions
promote formation of the c–NbC constituent while iron and
silicon increase the amount of the c–Laves constituent.4,5
The effect of niobium depends on the carbon content. At
high carbon levels, niobium additions will promote formation
of c–NbC. When the carbon level is low, niobium generally
promotes formation of the c–Laves constituent. These effects
have been documented in commercial alloy systems also.8,9

The solidification reactions in these experimental multi-
component alloys are similar to those expected in ternary
Ni–Nb–C alloys and this system was used as a basis for
developing a pseudoternary solidification model.10,11 The
multicomponent alloys were modelled as a ternary system
by grouping together the iron, nickel, and chromium matrix
elements to form the c ‘component’ of the c–Nb–C system.
Solute redistribution of niobium and carbon between the
liquid and solid phases was modelled using the approach
developed by Mehrabian and Flemings,12 with modifi-
cations made to account for the high diffusion rate of
carbon in the solid.5,13 Values for the equilibrium distri-
bution coefficient k (where k=Cs/Cl , Cs is the solid compos-
ition, and Cl is the liquid composition) of niobium and

Table 1 Compositions of alloys used, wt-%

Alloy Fe Ni Cr Nb Si C P S

Ni base alloys
1 10·49 68·53 18·90 1·93 0·08 0·017 0·004 0·003
1.5 10·75 67·95 19·21 2·00 0·03 0·052 0·004 0·003
2 11·12 68·20 19·12 1·95 0·06 0·132 0·004 0·002
3 10·70 68·11 19·02 1·82 0·38 0·010 0·004 0·003
3.5 10·39 66·80 19·29 1·94 0·41 0·075 0·004 0·003
4 10·72 67·60 19·08 1·91 0·40 0·155 0·004 0·001
5 10·84 65·79 18·98 5·17 0·05 0·013 0·005 0·010
6 10·88 65·22 18·89 4·87 0·08 0·161 0·005 0·007
7 10·70 65·53 19·30 4·86 0·52 0·010 0·005 0·009
7.5 10·82 63·93 18·54 4·92 0·46 0·081 0·005 0·004
8 10·80 64·96 18·90 4·72 0·52 0·170 0·005 0·007

Fe base alloys
9 46·03 33·56 19·31 1·66 0·10 0·003 0·006 0·003

10 46·69 32·80 19·70 1·66 0·01 0·108 0·006 0·002
11 45·38 32·80 19·53 1·77 0·57 0·004 0·006 0·002
11.5 47·38 31·05 19·64 1·84 0·67 0·116 0·006 0·001
12 45·28 32·39 19·89 1·93 0·61 0·079 0·006 0·002
13 44·55 31·24 19·63 4·42 0·02 0·015 0·007 0·003
14 44·05 31·93 19·52 4·51 0·08 0·210 0·006 0·002
15 45·40 30·03 19·54 4·88 0·66 0·010 0·007 0·003
16 44·47 30·89 19·45 4·77 0·64 0·216 0·006 0·002

and carbon at two levels. The high and low target levels
of niobium, silicon, and carbon were set as 2<Nb<5,
0·10<Si<0·60, and 0·02<C<0·15 (wt-%). These limits
were chosen to represent low and high composition values
of wrought alloys and filler metals as well as composition
limits that can arise in fusion welds made between nickel
base alloys and carbon steels. Several additional alloys with
intermediate carbon contents (alloys 1.5, 3.5, 7.5, and 12)
were also investigated.

Differential thermal analysis (DTA) was conducted on
a Netzsch STA 409 differential thermal analyser using
500–550 mg specimens. Liquidus and solidus temperatures
were determined from slow heating rate (5 K min−1 ) scans
and temperatures of eutectic type reactions that occurred
during solidification were measured with faster cooling rate
(20 K min−1 ) scans. Solidification cracking susceptibility
was evaluated using the Varestraint test at an augmented
strain of 2·5% to simulate highly restrained welds.6,7 The
specimens were machined to subsize Varestraint specimen
dimensions (165×25×3·2 mm). Welds were produced
using current 95 A, voltage 10 V (2·5 mm arc gap), and
travel speed 3·3 mm s−1 with high purity argon at a flowrate
of 17 L min−1. A 3·2 mm diameter W–2ThO2 electrode was
used with a 60° tip angle. These conditions produced welds
4·5 mm wide and 6·5 mm long. In order to acquire adequate
statistics, three tests were conducted on each alloy at an
augmented strain of 2·5% to simulate highly restrained
welds. The maximum crack length (MCL) was used as
the indicator of cracking susceptibility and was measured
using a light optical microscope at a magnification of
100. Microstructural characterisation of weld metal and
Varestraint specimens was conducted by light optical micro-
scopy, scanning electron microscopy (SEM), quantitative
image analysis (QIA), and electron probe microanalysis
(EPMA).

BACKGROUND
A brief review of previous results and interpretations is
given below as a framework for discussion in the subsequent
section which links the model calculations to weldability
data.4,5 A typical weld metal microstructure is shown in
Fig. 1. In addition to the primary c dendrites, the micro-
structures generally contain two eutectic type constituents,
c–NbC and c–Laves. The individual amounts of the c–NbC
and c–Laves constituents were large enough in a number of

2 DuPont et al. Mushy zones in welds of multicomponent alloys
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a variation in C content in c and liquid phases during
solidification; b calculated primary solidification path super-
imposed on pseudobinary solidification surface

4 Solute redistribution calculation results for alloy 7.5

base alloys. The assumptions in the solute redistribu-
tion model include negligible dendrite tip undercooling;
thermodynamic equilibrium at the solid/liquid interface;
infinitely fast diffusion in the liquid; and constant values of
equilibrium distribution coefficients. For niobium the
assumption of negligible diffusion in the solid is invoked
whereas carbon is assumed to diffuse infinitely fast in the
solid. The latter assumption for carbon should be reason-
ably valid because of the high diffusivity of carbon in

(a)

(b)

ALLOY

E
U

T
E

C
T

IC
 A

M
O

U
N

T
, v

o
l.-

%

* contained very small amount of Laves phase which could not
be quantified; ** contained very small amounts of NbC phase
which could not be quantified
& c–Laves; % c–NbC
a for Ni base alloys; b for Fe base alloys

2 Results from QIA showing individual amounts of c–Laves
and c–NbC constituents

Table 2 Distribution coefficients

Alloy Fe Ni Cr Nb C Si

Ni base 1·00 1·02 1·06 0·46 0·27 0·71
Fe base 1·06 1·00 1·02 0·25 0·27* 0·58

*Estimated from Ni base alloy data.

carbon were measured using EPMA and DTA respectively.
The EPMA measurements were performed using a Jeol 733
probe equipped with four wavelength dispersive spec-
trometers. Measurements were made on welds prepared
with no forced cooling as well as welds in which the dendrite
tips were quenched with a water jet spray as they grew into
the advancing weld pool.4 These values are summarised in
Table 2 along with k values for silicon and the ‘solvent’
elements (iron, nickel, and chromium). Note that the k
values for the solvent elements are all similar and close to
unity. This indicates they all behave in a similar manner
and exhibit little tendency for segregation during solidifi-
cation, thus justifying the approach of grouping together
these elements as the c ‘component’ in the c–Nb–C pseudo-
ternary approach. The equilibrium distribution coefficient
for niobium is lower in the iron base alloys (0·25) than in
the nickel base alloys (0·46). This indicates that niobium
segregates more aggressively to the liquid in the iron base
alloys. For this reason, two separate liquidus surface projec-
tions were determined to account for this behaviour (Fig. 3),
one for the iron base alloys and one for the nickel

DuPont et al. Mushy zones in welds of multicomponent alloys 3
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Results of typical primary solidification path calculations
are shown in Fig. 5 for a number of alloys to reveal the
effect of alloy composition. Figure 5a plots typical results
for the nickel base alloys that have similar niobium levels
but variations in carbon content. Figure 5b compares the
solidification paths of nickel base alloys with similar carbon
contents and variations in niobium, and Fig. 5c compares
the solidification paths of a nickel base and an iron base
alloy with similar levels of solute elements (niobium, silicon,
and carbon). The alloy number of each path is noted in
Fig. 5. Assuming that any change in liquidus slope is not
large over the region of interest, the amount of solid formed
during primary solidification is approximately proportional
to the length of the primary solidification path. This is
useful for making quick, qualitative interpretations of the
results. The start temperature of the L�c+NbC reaction,
as determined by DTA, was noted at several locations along
the line of twofold saturation. The point of intersection
between the primary solidification path and line of twofold
saturation is a strong function of carbon content. As the
nominal carbon content increased, the intersection point
occurred at higher carbon contents. As a result, the liquid
composition must ‘travel’ a long distance down the
L�c+NbC line of twofold saturation, forming c–NbC as
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a for Ni base alloys with similar Nb contents and variations in C; b for Ni base alloys with similar C contents and variations in Nb;
c for Ni base and Fe base alloys with similar contents of solute elements Nb, Si, and C; d variation in liquid composition with fraction
solid for two alloys of equivalent nominal Nb content of 1·95 wt-% and different kNb values

5 Calculated primary solidification path relations superimposed on pseudoternary solidification surface

austenite as discussed in general by Clyne and Kurz13 and
in particular for the alloys of interest to the present study.4,5

Figure 4 shows typical calculation results (using alloy 7.5
as an example) for the entire solidification process. Figure 4a
shows the variation in carbon content in the c and liquid
phases during solidification. Primary L�c solidification
occurred until there was 0·10 volume fraction liquid remain-
ing with 0·24 wt-%C, at which point the L�c+NbC
reaction initiated. The L�c+NbC reaction depleted the
liquid of carbon until there was 0·02 volume fraction
remaining liquid at 0·03 wt-%C, at which point the
L�c+Laves reaction is initiated. Calculations were ter-
minated at this point and the alloy is predicted to have a
0·10 volume fraction of total eutectic type constituent (0·08
volume fraction c–NbC and 0·02 volume fraction c–Laves).
The various phases of interest have similar densities, so
there is no need to convert between units of vol.-% and
wt-%.14 Niobium and carbon content in the liquid during
solidification is superimposed on the pseudoternary surface
in Fig. 4b to show this general progression of solidification.
The measured and calculated values of the individual eutectic
type constituents for all the alloys were compared to validate
the approach and the calculated values were generally within
the experimental errors of the measured values.15

4 DuPont et al. Mushy zones in welds of multicomponent alloys
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mushy zone and variation in fraction liquid within the
mushy zone can change with alloy additions.

Ignoring possible interactive effects among the solutes
and assuming that the liquidus slopes are constant, the
liquidus equation for any multicomponent system is given
by4

Tl=T0+∑ ml,iCl,i . . . . . . . . . . . . (1)

where ml,i is the liquidus slope for the ith solute in the
system, Cl,i is the concentration of the ith solute in the
liquid, Tl is the liquidus temperature, and T0 is the melting
temperature of the pure solvent. In the present alloys of
interest the solutes are assumed to be niobium, silicon, and
carbon while the Fe–Ni–Cr ‘c matrix’ is treated as the
solvent.

It has been shown that the diffusion of niobium and
silicon in the solid during solidification is insignificant and
solute redistribution of these elements can therefore be
described using the Scheil equation.4,14,18 Thus, the relation-
ship between Cl,i and the fraction liquid fl for these two
elements during primary L�c solidification is given by

Cl,Nb=C0,Nb f k
Nb
−1l . . . . . . . . . . . (2a)

Cl,Si=C0,Si f kSi−1l . . . . . . . . . . . . (2b)

where C0 is the nominal solute concentration. For carbon
the diffusion rate is high enough to permit use of the lever
law and the relation between Cl,i and fl is given by4,13

Cl,C=C0,C/[ fl+kC (1− fl )] . . . . . . . . (2c)

Inserting equations (2) into eqation (1) yields the relation-
ship between temperature and fl

Tl=T0+ml,NbC0,Nb f k
Nb
−1l +ml,SiC0,Si f kSi−1l

+ml,CC0,C/[ fl+kC (1− fl )] . . . . . . (3)

Thus, when the liquidus slopes and distribution coefficients
are known, the variation in fl with temperature during
primary solidification can be calculated.

The variation in fl with distance in the mushy zone can
be determined by combining equation (3) with the temper-
ature gradient. The temperature gradient is given by the

it travels, before the c–Laves constituent can form. At a
given carbon content, the niobium concentration also had
a significant effect on the primary solidification path. This
is revealed by comparing alloy 2 with alloy 6 and alloy 3.5
with alloy 7.5 in Fig. 5b. When niobium content was low,
the carbon content in the liquid increased relatively quickly
during the early stages of solidification. The rate of carbon
enrichment continually decreased as the line of twofold
saturation was approached. Since the lengths of the primary
solidification paths for the high niobium alloys are shorter
these alloys will exhibit more liquid at the intersection
point, i.e. more total eutectic type constituent. The effect of
matrix composition is shown in Fig. 5c. Alloys 2 and 10
have very similar total solute contents but different matrix
compositions. Thus, the difference in this case lies in the
value of kNb (kNb is 0·46 in the nickel base alloys and 0·25
in the iron base alloys). As kNb was reduced, niobium
segregated more aggressively to the liquid. This is demon-
strated in Fig. 5d, where the niobium content in the liquid
is plotted as a function of fraction solid for two hypothetical
alloys with identical nominal niobium concentrations of
1·95 wt-% but different kNb values. The curves are termin-
ated at the point where the L�c+NbC reaction began.
Calculations were made at identical nominal niobium con-
centrations so that the effect of the equilibrium distribution
coefficient could clearly be discerned. At any particular
value of fraction solid during solidification, an iron base
alloy with a kNb value of 0·25 will always possess more
niobium in the liquid than a nickel base alloy with kNb of
0·46. As a result, the iron base alloys will have more liquid
remaining after primary solidification, i.e. less solid. This
effect from the reduced kNb value is the reason for the larger
amount of total eutectic type constituents observed in the
iron base alloys.

RESULTS AND DISCUSSION
Weldability
Figure 6 shows the MCL for each alloy. The data reported
are averages and standard deviations from at least three
tests. For the nickel base alloys, there is clear separa-
tion in the behaviour among the low carbon alloys
(∏0·017 wt-%C) with relatively poor weldability from
that among the high carbon alloys (�0·052 wt-%C)
which showed very good resistance to solidification crack-
ing. Within the iron base alloys, the addition of carbon
was only beneficial when the niobium content is low
(∏1·8 wt-%), and the carbon level must be above
~0·10 wt-% to provide the advantageous effect. For
example, alloys 11.5 and 12 have essentially identical levels
of all other elements except carbon (alloy 12 contains
0·079 wt-%C and alloy 11.5 contains 0·116 wt-%C). This
small variation in carbon content led to a substantial
difference in the MCL values. Within the iron base alloys
with high niobium (alloys 13–16), carbon had no beneficial
effect even at the 0·21 wt-% level. A qualitative interpret-
ation of these results, based on the solidification temperature
range and fusion zone microstructures, has been described
elsewhere.16 A more quantitative approach is proposed
below.

Mushy zone modelling
Conventional solidification cracking concepts qualitatively
relate cracking propensity to the amount and distribution
of liquid in the mushy zone and the size of the mushy
zone.17 Solute redistribution models can be useful for
a priori assessment of these relationships when they are
combined with knowledge of the general liquidus equation.
The objective of combining such information is to develop
plots that, for a fixed set of processing parameters (i.e. with
a fixed temperature gradient), reveal how the size of the

DuPont et al. Mushy zones in welds of multicomponent alloys 5
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8 Differential thermal analysis heating curve for alloy 3

during the L�c+NbC reaction, a relation between tem-
perature and liquid composition during the eutectic type
transformations is needed. Such a relation is provided in
empirical form in Fig. 7, where the temperature of the lines
of twofold saturation (measured by DTA) are plotted as a
function of Cl,Nb . The values of Cl,Nb (i.e. the composition
of the liquid at the start of the L�c+NbC or L�c+Laves
reactions) were both determined experimentally and calcu-
lated using the solute redistribution model.19 Experimental
values were determined by measuring the average compos-
ition of the eutectic type constituents using EPMA tech-
niques described elsewhere.4 The lines in the plots are the
best fits obtained using a third order polynomial. Therefore,
the relation between fl and Cl,Nb can be connected to the
empirical relation between temperature and Cl,Nb in Fig. 7
to establish the relation between fl and temperature during
the L�c+NbC reaction, which is then combined with
equation (4) to describe the relation between fl and x in
the mushy zone during the L�c+NbC reaction. The
L�c+Laves reaction occurs over a relatively narrow
temperature range and is therefore estimated to occur
isothermally.4,14 Thus, the point at which the liquid compos-
ition satisfies conditions for the L�c+Laves reaction is
taken as the end of the mushy zone and the value of fl
at that point corresponds to the amount of the c–Laves
constituent that forms ‘isothermally’ at that location. Lastly,
the fl–x relation developed for the eutectic type transform-
ations was joined to the fl–x relation for primary solidifi-
cation in order to construct the entire fl–x curve in the
mushy zone.

This method is obviously only an approximation as a
number of simplifying assumptions are invoked, such as
constant liquidus slopes and distribution coefficients, no
significant effect from silicon during solute redistribution of
the eutectic type reactions, and isothermal solidification of
c–Laves. Experimental measurement and use of liquidus
slope values for niobium, silicon, and carbon are dis-
cussed below.

Liquidus slopes
The liquidus slopes for the ‘solute’ elements niobium, silicon,
and carbon were determined by DTA. Liquidus temper-
atures for each alloy were determined by conducting slow
heating rate (5 K min−1) DTA scans. As an example, Fig. 8
shows a heating curve for alloy 3. On heating, a large
endothermic peak associated with melting of the austenite
matrix was initiated at 1366°C. Consistent with conven-
tional DTA interpretations, the liquidus temperature is
represented by the maximum on the peak occurring at
1413°C.8,9,14,15 Liquidus temperatures for all the alloys are
given in Table 3. Average values and standard deviations
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7 Temperatures of L�c+NbC and L�c+Laves
reactions as function of Nb content in liquid

ratio of cooling rate/growth rate. Under these conditions,
where a slow travel speed (3·3 mm s−1) was used and the
welds were circular, the growth rate at the weld centreline
(where typically the MCL develops) was generally equival-
ent to or approximated by the travel speed. The travel
speed in the present case was is 3·3 mm s−1 and the cooling
rate for this set of processing parameters (arc current 95 A,
arc voltage 10 V, travel speed 3·3 mm s−1 ) was estima-
ted to be 660 K s−1 through dendrite arm spacing
measurements.4 Thus, the temperature gradient G was
~200 K mm−1. The variation in G with processing para-
meters, and its effect on the mushy zone characteristics can
also be assessed. However, this relation is fairly straightfor-
ward and only the more important influence of alloy
composition is considered in the present discussion. At the
trailing edge of the weld pool, the liquid is at the liquidus
temperature of the alloy Tl,0 . Assuming that G is constant
and taking x=0 at Tl,0 , the relation between temperature
and distance in the mushy zone is given by

x= (Tl,0−T )/G . . . . . . . . . . . . . (4)

where x is the distance behind the weld pool along the
weld centreline and G is the temperature gradient along the
weld centreline. When x=0, fl=1. Thus, equations (3) and
(4) can be combined to determine the variation in fl with
distance in the mushy zone during the primary solidification
stage. When the L�c+NbC reaction begins, the relation
between fl and Cl is that previously modelled in Ref. 5. At
this point, the relatively minor effect of silicon is ignored
and only the relation between fl , Cl,Nb , and Cl,C is consid-
ered. Once the relation between fl and Cl,Nb is established

6 DuPont et al. Mushy zones in welds of multicomponent alloys
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Table 4 Liquidus slopes and T
0
values

Alloy ml,Nb , K/wt-% ml,Si , K/wt-% ml,C , K/wt-% T0 , °C

Ni base −8·3 −23·4 −34·1 1438
Fe base −10·3 −7·6 −38·2 1448

Thus, the coefficients in the multiple linear regression
equations represent the liquidus slope of the particular
element and the constants in the liquidus equations can be
taken as T0 in equation (3). These values are summarised
in Table 4.

Figure 9 shows plots of measured liquidus temperatures
v. those calculated using equations (5a) and (5b). The
difference between measured and calculated temperatures
never exceeded 2·8 K and was usually less than 1 K. Thus,
simple linear regression equations provided an accurate
representation of the solute effects. This result implies that
interactive effects among the solutes over this rather limited
composition range are negligible as no cross product terms
were required in the linear regression equations. However,
use of equation (3) required application of liquidus slope
values over the entire solidification range from the liquidus
temperature at the nominal alloy composition to the eutectic
temperature where the primary solidification path strikes
the line of twofold saturation. Thus, it is useful to consider
how much the liquidus slopes may vary over the entire
solidification range. While there were only enough experi-
mental data to perform such an analysis for niobium,
the result is useful for assessing possible variations in the
liquidus slopes. This can be achieved by combining the
liquidus data and nominal alloy compositions (from Tables
1 and 3) with the eutectic L�c+NbC temperatures and
compositions (from Fig. 7). At the eutectic composition, the
eutectic temperature and liquidus temperature are synony-
mous. Thus, joining these two datasets essentially provided
a view of the pseudoternary liquidus projection at constant
carbon concentrations.

Figure 10 shows variation in liquidus temperature as a
function of niobium content. The plot for the nickel base
alloys (Fig. 10a) shows the variation in liquidus (and eutec-
tic) temperature at low carbon content (alloys 3 and
7 contain 0·010 wt-%C), intermediate carbon content
(alloys 3.5 and 7.5 contain on average 0·078wt-%C), and
high carbon content (alloys 4 and 8 contain on average
0·163 wt-%C). The eutectic compositions and temperatures
were taken from Fig. 7a. Figure 10b shows similar data for
the iron base alloys, but there were only enough data to
plot slopes for low and high carbon contents. While the
niobium liquidus slopes within the narrow composition
range 2–5 wt-%Nb do not show significant dependence on
carbon content and can therefore be represented by a single
value (given in Table 4), the difference becomes significant
when considered over a broader solidification range. The
change in slope which occurs between the nominal niobium
contents of 5 wt-% and the eutectic compositions are noted
in Fig. 10. This difference occurs because, as shown in
Fig. 7, the liquidus surfaces are curved and the region near
the terminal L�c+Laves reaction lies in a valley. As a
result, the liquidus slopes increase (in absolute magnitude)
as the carbon content decreases. Thus, use of constant
liquidus slopes will lead to a discrepancy when the fl–x
calculations for the primary solidification mode are com-
bined with those for the L�c+NbC stage of solidification.
This is apparent in Fig. 11, where the variation in temper-
ature with fl in the mushy zone is shown for alloy 3.5.

The temperature regimes over which the primary L�c
and eutectic L�c+NbC reactions occur are noted in
Fig. 11. The dashed line shows the calculated results for the
primary solidification stage using the constant liquidus
slopes given in Table 4. When these values were used, the

Table 3 Liquidus temperatures

Standard
Alloy Tl ,°C deviation,* K

1 1420·0 1·7
1.5 1418·0 0·3
2 1416·7 1·2
3 1412·3 0·6
3.5 1410·5 0·7
4 1407·3 0·6
5 1391·0 1·0
6 1390·0 1·0
7 1387·7 1·5
7.5 1382·0 1·4
8 1379·3 0·6
9 1430·4 0·9

10 1426·1 0·8
11 1423·9 1·1
11.5 1419·6 1·2
12 1418·8 0·2
13 1401·1 0·7
14 1392·0 0·3
15 1392·6 0·6
16 1385·6 0·3

*From at least three tests.
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9 Comparison of measured liquidus temperatures with those
calculated using equations (5a) and (5b)

for each liquidus temperature were determined from at least
three measurements and the order of testing was random.
The data show that the addition of each solute element
lowered the liquidus temperature (see Table 1 for alloy
compositions). The influence of each element can be deter-
mined by conducting multiple linear regression analysis on
the DTA data.8 From this analysis, two linear equations
were obtained

Tl=1438−8·3 (%Nb)−23·4(%Si)−34·1(%C)±2·8°C
. . . . . . . . . (5a)

for nickel base alloys and

Tl=1448−10·3(%Nb)−7·6(%Si)−38·2(%C)±1·7°C
. . . . . . . . . (5b)

for iron base alloys, where contents are in wt-%. The
liquidus slope of the ith solute in the system ml,i is given
simply by

ml,i=∂Tl/∂i . . . . . . . . . . . . . . (6)

DuPont et al. Mushy zones in welds of multicomponent alloys 7
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11 Variation in temperature with fraction liquid in mushy
zone for alloy 3.5: dashed curve for primary solidification
mode is calculated from liquidus slope values in Table 4,
solid curve is calculated by reducing liquidus slope values
in Table 4 by 34%

the low carbon alloys increased, while the slopes of the
intermediate and high carbon alloys decreased. This is in
agreement with Fig. 10a, in which the slope for the low
carbon alloys is greater than the value of −8·3 K/wt-%Nb
given in Table 4, while the slopes became smaller than this
value as the carbon content increased. For the iron base
alloys, all the slopes needed to be decreased. The changes
were generally small for the low carbon alloys while larger
reductions were needed for the high carbon alloys. Again,
this is consistent with Fig. 10b, in which the liquidus slope
in the latter stage of solidification for the low carbon alloys
is slightly lower than the value of −10·3 K/wt-%Nb given
in Table 4; the difference becomes larger as carbon content
increases. While it is possible to account for such variations
in the liquidus slopes during solidification by more compli-
cated forms of equation (3), currently there are insufficient
data to warrant such an approach and more complicated
manipulations can obscure the main concepts. The results
given in the present work are thus semiquantitative.
Nevertheless, as discussed below, the calculated sizes of the
mushy zones are realistic and the straightforward approach
presented provides useful comparisons between alloys
with variations in compositions without the need for more
complicated mathematics.

Link between weldability and mushy zone
characteristics
In the following section, calculations of mushy zone charac-
teristics carried out using the procedure outlined above are
described and combined with the weldability data presented
in Fig. 6 to show how the results are useful for assess-
ing composition–weldability relations. Figure 12 shows a
typical fl–x curve for alloy 3.5. Experimentally, this alloy
terminated solidification with the L�c+NbC reaction.
Using Fig. 12, it is possible to determine the types of phases
as a function of position in the mushy zone and such labels
are provided on the curves.

Figure 13 compares the variation in fl in the mushy zone
for three alloys with essentially identical levels of niobium
and silicon, but variations in carbon. Alloys 3.5 and 4
terminated solidification with the L�c+NbC reaction,
while the last remaining liquid in alloy 3 was enriched in
niobium to the extent that solidification ended with the
L�c+Laves transformation. The kinks in the curves for
alloys 3.5 and 4 mark the position where the L�c+NbC
reaction started. For alloy 3, primary solidification occurred

Table 5 Change in liquidus slope values from Table 4 used
in calculations

Alloy Change, % Alloy Change, %

1 +14 8 −30
1.5 −16 9 +2
2 −16 10 −35
3 +4 11 −20
3.5 −34 11.5 −40
4 −2 12 −40
5 +22 13 −8
6 −20 14 −35
7 +6 15 −2
7.5 −28 16 −40
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(a)
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a for Ni base alloys; b for Fe base alloys

10 Variation in Nb liquidus slopes with nominal C content

temperature at any given fl value was underpredicted and
the curve for the primary solidification stage did not match
properly to the curve for the L�c+NbC eutectic portion
of solidification. This occurred because the liquidus slopes
decrease as solidification progresses, an effect which is not
accounted for by use of a constant liquidus slope. The solid
curve was recalculated by using effective slopes which were
reduced by 34% from the values in Table 4 in order to
force the plots from the primary and eutectic solidification
stages to meet. Table 5 gives the amount each liquidus slope
from Table 4 needed to be reduced by in order to maintain
such consistency. For the nickel base alloys, the slopes of

8 DuPont et al. Mushy zones in welds of multicomponent alloys
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a over entire solidification range; b for 0< fl<0·3

13 Calculated variation in fraction liquid with distance for
alloys 3, 3.5, and 4

constituent as isolated pockets where it is relatively harmless
in terms of cracking susceptibility.16

Reference to the alloy compositions (Table 1) and the
Varestraint data (Fig. 6) indicates that there is a critical
amount of carbon needed for improved weldability in the
iron base alloys. For example, alloys 11.5 and 12 have
essentially identical levels of all other elements except
carbon (alloy 12 contains 0·079 wt-%C and alloy 11.5
0·116 wt-%C). This small variation in carbon content led
to a substantial difference in the MCL values. Within the
iron base alloys with high niobium (alloys 13–16), carbon
had no beneficial effect, even at the 0·21 wt-% level. Because
of the high segregation potential of niobium in the iron
base alloys, all of the iron base alloys will form the c–Laves
constituent. Thus, in order for carbon to provide improve-
ments in cracking resistance, the C/Nb ratio must be high
to cause the L�c+NbC reaction to initiate at a relatively
high temperature and a large amount of liquid should also
be consumed during this step so that the amount of last
residual liquid (which subsequently transforms to the
c–Laves constituent) is low enough to remain isolated near
the edge of the mushy zone. In these alloys, the liquid
remaining after the L�c+NbC reaction should generally
comprise below ~2·3 vol.-% to keep it isolated and thus
deter any deleterious effect on cracking susceptibility.16

Figure 15 compares the fl–x curves for iron base alloys,
which showed a wide range in composition, mushy zone
characteristics, and resultant solidification cracking resist-
ance. Alloys 10 and 11.5 exhibit very similar curves in
which the fraction liquid decreases very quickly near the

(a)

(b)
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a over entire solidification range; b for 0< fl<0·2

12 Calculated variation in fraction liquid with distance for
alloy 3.5

over a broad temperature range and very little eutectic type
constituent was formed at the edge of the mushy zone.
Since the primary solidification path for alloy 3 covers a
broad temperature range, the mushy zone was relatively
large. The effect of carbon content on the variation in fl
with distance in the mushy zone is readily evident in Fig. 13.
As the carbon content increased, the L�c+NbC reaction
occurred at higher temperatures and the reaction was
therefore initiated at shorter distances behind the liquid
weld pool. Once the reaction started, the remaining liquid
was consumed over a short distance (small temperature
range) and, in effect, ‘closed up’ the mushy zone. This is
analogous to the behaviour expected in a simple binary
system, except that the eutectic type transformation
occurred over a temperature range rather than isothermally.

Figure 14 shows similar results for alloys 5–8. Experi-
mentally, a small amount of liquid persisted after the L�c
+NbC reaction in these alloys and solidification ter-
minated when this liquid transformed to the c–Laves
constituent. The effect of carbon is again readily apparent.
When the L�c+NbC reaction started in alloys 6 and 8,
a relatively large amount of liquid was consumed over a
short distance and the mushy zone tended to close up. In
this particular case, the actual sizes of the mushy zones
between the low and high carbon alloys were similar since
the actual solidification temperature range for each alloy is
similar. However, the high carbon alloys exhibited a smaller
fraction of solute rich liquid near the trailing edge of the
mushy zone. As explained in detail elsewhere, this small
amount of terminal liquid leads to formation of the c–Laves

DuPont et al. Mushy zones in welds of multicomponent alloys 9
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a over entire solidification range; b for 0< fl<0·3

15 Calculated variation in fraction liquid with distance for
alloys 10, 11.5, 12, and 14

and 11.5 are only 0·67 and 0·89 mm respectively, only
slightly higher than the range of 0·41–0·64 mm observed in
the alloys that form no c–Laves and have excellent weld-
ability. In contrast, Fig. 15 shows there was always more
residual liquid available for the low temperature
L�c+Laves transformation in alloy 12. As a result, this
residual liquid existed as a continuous network and crack
propagation through the entire mushy zone was more
favourable. This is reflected in the Varestraint data, as the
MCL in alloy 12 of 1·65 mm is considerably greater than
those in alloys 10 and 11.5. An example of the continuous
c–Laves morphology in alloy 12 is shown in Fig. 17. In
addition, this MCL value is similar to that of alloy 14
(1·53 mm), which also exhibited c–Laves in a continuous
network (Fig. 18). The slightly shorter crack length of
alloy 14 can be attributed to its lower liquidus temperature:
the value of Tl for alloy 12 is 1419°C while that for alloy 14
is 1392°C.4 This difference is caused by the higher contents
of niobium and carbon in alloy 14. A decrease in the
liquidus temperature causes an effect similar to an increase
in the terminal solidus temperature; it reduces the solidifi-
cation temperature range and resultant size of the crack
susceptible mushy zone.

The results above indicate that cracking susceptibility
depends not only on the solidification temperature range,
which controls the total length of the mushy zone, but that
cracking behaviour is also sensitive to the amount and
distribution of liquid at the trailing edge of the mushy zone.
Liquidus temperatures (Table 3) and eutectic temperatures
can be used to determine the solidification temperature

(a)

(b)
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a over entire solidification range; b for 0< fl<0·3

14 Calculated variation in fraction liquid with distance for
alloys 5, 6, 7, 7.5, and 8

edge of the mushy zone once the L�c+NbC reaction is
initiated. It should be noted that, experimentally, a very
small amount of the c–Laves constituent (<1 vol.-%) did
exist in these two alloys, implying that the last liquid
became enriched to the point where the L�c+Laves
reaction is initiated. This indicates that the sizes of the
mushy zones for these two alloys should be similar to that
of alloy 12. Although the solute redistribution calculations
are reasonably accurate, they are not sensitive enough to
predict occurrence of the L�c+Laves reaction in alloys
10 and 11.5. (Ref. 5). Nevertheless, the results are still useful
for interpretation of the weldability data. Because a rela-
tively large amount of liquid was consumed during the
L�c+NbC reaction for alloys 10 and 11.5, the last
remaining liquid to undergo the L�c+Laves reaction
comprised less than 1 vol.-%. At this level, the c–NbC
always enveloped the c–Laves and kept it isolated. An
example of this for alloy 10 is shown in Fig. 16. This
suggests that the last residual liquid was also isolated within
the mushy zone during crack advancement. With this type
of morphology, the isolated liquid pockets should have
little deleterious effect and crack propagation through the
entire mushy zone therefore is unlikely. The Varestraint
data tend to support this. The MCL values for alloys 10

10 DuPont et al. Mushy zones in welds of multicomponent alloys
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17 Scanning electron micrographs showing morphology of
c–NbC and c–Laves in solidification cracks of alloy 12

values measured in the high niobium, iron base alloys
exhibit a fairly narrow range of 13 K. Thus, the average of
these values should provide a good estimate for the low
niobium alloys. For alloys 2, 3.5, and 4, the terminal solidus
is taken as the value measured for the L�c+NbC reaction
as no c–Laves constituent was observed. Positive identifi-
cation of secondary phases could not be made in alloys 1
or 1.5, so no solidification temperature range is reported
for these alloys.

Figure 19a shows a plot of MCL as a function of the
solidification temperature range and no correlation is read-
ily apparent. Five of the alloys (6, 7.5, 8, 10, and 11.5)
exhibited a rather wide solidification temperature range,
but show good weldability ( low MCL). This lack of corre-
lation between the MCL and DT has also been observed
by Cieslak20 in systematic composition variations in the
niobium bearing superalloy IN 625. The alloys with high
DT but low MCL initiated the L�c+NbC reaction at a
short distance behind the edge of the weld pool and much
of the remaining liquid was consumed over a relatively
short distance, which tends to close the mushy zone. As a
result, the amount of terminal liquid which underwent the
L�c+Laves reaction was always less than ~2 vol.-% and
remained isolated (see Fig. 16 for an example). This type of
morphology should resist crack propagation throughout
the mushy zone, so the effective terminal solidus temper-
ature for these alloys should more accurately be represented
by the temperature of the L�c+NbC reaction. The MCL
and DT data are replotted in Fig. 19b using this terminal
solidus temperature and the trend between cracking

16 Scanning electron micrographs showing morphology of
c–NbC and c–Laves constituents in solidification cracks
of alloy 10

range of each alloy. The solidification temperature range is
most appropriately given by the difference between the
liquidus temperature determined from DTA heating scans
and the terminal eutectic temperature measured during
cooling.20,21 The on heating liquidus temperature was used
since the weld metal solidifies epitaxially from the base
metal and requires no undercooling.21 Temperatures of
eutectic type reactions and the solidification temperature
range DT of each alloy are given in Table 6. All alloys,
except alloys 2, 3.5, and 4, exhibited the c–Laves eutectic
type constituent. Thus, the temperature of the L�c+Laves
reaction should be used as the value for the terminal solidus
temperature for all alloys except 2, 3.5, and 4. For the nickel
base alloys, the c–Laves constituent formed in very small
amounts, which precluded measurement of the L�c+
Laves reaction temperature by DTA. The temperature
for this reaction was estimated to be 1190°C with a 17·8
wt-%Nb alloy which formed a large amount of the c–Laves
constituent and produced a large exothermic DTA
peak associated with the L�c+Laves reaction. Meas-
urements by EPMA showed that the composition of the
c–Laves constituent in the high niobium alloy was very
similar to that observed in the nickel base alloys.4 Thus,
the reaction temperature measured for this high niobium
alloy should serve as a good estimate for the terminal
solidus temperatures of the nickel base alloys which com-
plete solidification by the L�c+Laves reaction. The
L�c+Laves reaction temperature could not be measured
directly in the iron base alloys with low niobium. The

DuPont et al. Mushy zones in welds of multicomponent alloys 11



P
ub

lis
he

d 
by

 M
an

ey
 P

ub
lis

hi
ng

 (
c)

 IO
M

 C
om

m
un

ic
at

io
ns

 L
td

Science and Technology of Welding and Joining 1999 Vol. 4 No. 1

temperature range and the amount and distribution of
terminal liquid at the edge of the mushy zone. The solidifi-
cation temperature range essentially controlled the total
distance over which crack propagation was possible, while
the amount and distribution of terminal liquid affected how
far the crack travelled through the edge of the mushy zone.

The calculated fl–x curve for alloy 7.5 represents the
only exception among the five alloys discussed above. The
calculated decrease in fl at the edge of the mushy zone
occurred rather gradually and was similar to that for alloy
12, which displayed relatively poor weldability. Quantitative
image analysis indicated that each of these two alloys
formed ~2·3±0·8 vol.-% of the c–Laves constituent (the
terminal liquid) and similar levels of the c–NbC constitu-
ent (5·2±0·5 vol.-% in alloy 7.5 and 4·4±1·7 vol.-% in
alloy 12). However, examination of the solidification cracks
in alloy 7.5 (Fig. 20) showed that, unlike alloy 12 (Fig. 17),
the c Laves constituent was always isolated. Thus, these
two alloys are very close to the critical amount of terminal
liquid which can be tolerated before that terminal liquid
becomes continuous. The small difference which produced
the significant change in cracking behaviour could not be
discerned in the QIA results because c–Laves formed in
such small amounts and the assumptions made in the
calculations preclude the distinction of such fine detail in
the fl–x curves. This suggests that the calculated results can
be difficult to interpret for weldability predictions among
alloys with such similar behaviour. However, the fl–x
diagrams described in the present work are generally useful
for understanding how nominal alloy composition influ-
ences the variation in fl with distance in the mushy zone
which, in turn, is helpful for understanding the potential
cracking behaviour through the mushy zone. The approach
developed above is general in nature and therefore is
applicable to other alloy systems when the appropriate
phase diagram quantities are known from experimental
data, or can be estimated from thermodynamic databases,
and interactive effects among solutes are not large.3

CONCLUSIONS
The solidification and weldability of multicomponent nickel
base and iron base superalloys with systematic variations
in composition have been investigated through Varestraint
testing and solute redistribution modelling. Solute redistri-

18 Scanning electron micrographs showing morphology of
c–NbC and c–Laves in solidification cracks of alloy 14

Table 6 Reaction temperatures and solidification temperature ranges DT

L�c+NbC L�c+Laves

Reaction temperature, Standard deviation,* Reaction temperature, Standard deviation,*
Alloy °C K °C K DT, K

2 1341·5 0·7 † † 75·2
3 ‡ ‡ 1190·0 . .. 222·3
3.5 1322·0 1·4 † † 88·5
4 1330·0 1·3 † † 77·3
5 ‡ ‡ 1190·0 . .. 201·0
6 1332·0 1·4 1190·0 . .. 200·0
7 ‡ ‡ 1190·0 . .. 197·7
7.5 1305·5 0·7 1190·0 . .. 192·0
8 1328·0 2·8 1190·0 . .. 189·3
9 ‡ ‡ 1249·3 . .. 181·1

10 1357·5 0·7 1249·3 . .. 176·8
11 ‡ ‡ 1249·3 . .. 174·6
11.5 1347·5 2·1 1249·3 . .. 170·3
12 1348·0 1·4 1249·3 . .. 169·5
13 1332·5 0·7 1249·5 3·5 151·6
14 1360·8 2·2 1243·0 2·1 149·0
15 1289·5 0·8 1256·3 1·2 136·3
16 1355·2 1·7 1248·2 4·8 137·4

*From at least three tests.
†Not applicable.
‡Not determined.

12 DuPont et al. Mushy zones in welds of multicomponent alloys

susceptibility and the effective solidification temperature
range is apparent. This improved correlation indicates that
cracking susceptibility depended on both the solidification
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20 Scanning electron micrographs showing morphology of
c–NbC and c–Laves constituents in solidification cracks
of alloy 7.5

DuPont et al. Mushy zones in welds of multicomponent alloys 13
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a as function of actual solidification temperature range; b as
function of effective solidification temperature range

19 Maximum crack length

bution models were linked to the general liquidus equation
of a multicomponent system and temperature gradient
information to calculate how the variation in fraction liquid
within the crack susceptible mushy zone is affected by alloy
additions. Solidification parameters of each solute, such as
the liquidus slope and distribution coefficient, were exper-
imentally determined and used as inputs to the model
calculations. Carbon additions to all the nickel base alloys
consistently provided significant improvements in solidifi-
cation cracking resistance. The modelling results directly
show that carbon additions to these alloys reduce the size
of the crack susceptible mushy zone by increasing the start
temperature of the L�c+NbC reaction and limiting the
amount of liquid which exists for the low temperature
L�c+Laves transformation. Carbon additions to the iron
base alloys were only beneficial when the niobium content
was low (~1·8 wt-%) and the carbon content had to be
above ~0·1 wt-%. In this case the modelling results show
that, primarily as a result of the increased segregation poten-
tial of niobium, the iron base alloys will exhibit more solute
rich liquid near the edge of the mushy zone which under-
goes the low temperature L�c+Laves transformation.
This effectively makes the mushy zone more susceptible to
solidification cracking. The calculation procedure described
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in the work is general in nature and is applicable therefore
to any binary or multicomponent alloy system when the
proper phase diagram quantities and solute redistribution
behaviour are known.
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